Purpose: The aim of this study is to assess a software-based method with semiautomated correction for partial volume effect (PVE) to quantify the metabolic activity of pulmonary malignancies in patients who underwent non-gated and respiratory-gated 2-deoxy-2-[
Introduction
I ntegrated positron emission tomography/x-ray computed tomography (PET/CT) imaging is widely used for the diagnosis and staging of patients with various types of thoracic lesions [1] [2] [3] . However, PET data acquisition occurs over many respiratory cycles and as such, accurate evaluation of thoracic lesions on PET/CT may prove challenging due to respiratory motion during imaging. This may result in a blurring artifact, affecting standardized uptake value (SUV) quantification and volume measurement of lesions [4] .
Various methods such as shallow breathing, breathholding, and respiration synchronized techniques have been employed to reduce respiratory motion artifacts during PET acquisition [5] [6] [7] . One of the most commonly used techniques is respiratory gating, which consists in dividing a PET dataset into distinct phases of the respiratory cycle [8, 9] . Respiratory cycle information may be obtained with the use of external devices (pressure sensor belts or spirometry systems) or by internal, data-driven methods [10, 11] . Each respiratory cycle is separated into various bins using this monitoring information, and the corresponding PET data are binned and reconstructed into gated images [12] . 4D-CT and 4D-PET data are binned according to the gating scheme, which can be either phase-or amplitude-based. In phasebased respiratory gating, the respiratory cycle is divided into separate phase ranges, while amplitude gating divides the respiratory amplitude into different amplitude ranges [13] . In 2002, Nehmeh et al. were the first to perform respiratory gating for PET scanning in clinical setting and found that respiratory gating decreases total lesion volume and increases measured SUV compared to non-gated images [14] . Gating has also been reported to improve the diagnosis of malignant lung lesions and the evaluation of response to radiation treatment [15] [16] [17] [18] .
In addition to respiratory motion, partial volume effect which arises from the finite spatial resolution of the scanner also results in inaccurate PET image quantification, particularly when the tumor size is less than two to three times the scanner's spatial resolution [19] [20] [21] . While gating may reduce motion artifacts, it fails to correct the partial volume effect (PVE) and PVE is most likely to dominate over motion effects for small lesions [16] . Some approaches have been suggested for PVE correction or combined motion and PVE correction [17, 22] . However, it remains unclear how 4D PET/CT results are impacted by partial volume correction of metabolic lung lesions in the clinical setting.
In this study, we aim to employ a combined adaptive contrast-oriented thresholding segmentation and local background partial volume correction algorithm to calculate and compare the partial volume-corrected quantitative 2-deoxy-2-[
18 F]fluoro-D-glucose (FDG) uptake parameters of lung lesions acquired using non-gated and 4D FDG PET/CT studies.
Materials and Methods

Study Population
The study population included consecutive 55 subjects (32 women and 23 men, mean age 66.5±9.5 years) with FDG avid lung lesions who underwent FDG-PET/CT radiation treatment simulation. The imaging protocol included both static and 4D PET scans in a single session. Surgical pathology reports were reviewed to confirm malignancy and tumor histology. This retrospective study was conducted following approval from the institutional review board at the Hospital of the University of Pennsylvania along with a Health Insurance Portability and Accountability Act (HIPAA) waiver.
Whole Body PET/CT Image Acquisition
All FDG-PET/CT scans were acquired using a whole-body PET/CT scanner with time-of-flight capability (Gemini TF Big Bore, Philips Healthcare, Bothell, WA). All patients fasted for at least 6 h and serum glucose levels were verified to be G200 mg/dl before intravenous injection of 444-555 MBq (12-15 mCi) of FDG. As part of the imaging protocol, static whole body PET images were acquired from the base of the skull to the mid thighs approximately 60 min after FDG administration for 3 min per bed position for diagnostic purposes. Image reconstruction was performed using LOR-TF-RAMLA ("BLOB-OS-TF") with 33 ordered subsets and 3 iterations. The manufacturer's software included normalization, attenuation, randoms, and scatter corrections. Energy rescaled low-dose CT images were used for attenuation correction of PET images. Non-gated and gated PET and CT images were reconstructed at 4 and 3 mm nominal slice thicknesses, respectively.
Respiratory-Gated PET/CT Image Acquisition of Lungs
Immediately after the static PET scan, a respiratory-gated 4D PET scan of the whole lung was performed with the patient in the same position by use of the real-time position management (RPM) respiratory gating system (Varian Medical Systems Inc., Palo Alto, CA). This gating system utilizes external infrared markers that are placed on a block that sits on the patient's chest. Respiration causes movement of these markers, which is then detected by a camera with an infrared illuminator. A computer stores data in the form of time and displacement of the infrared markers. The respiratory signal is used to sort the list mode data into four phase bins from which four PET images, each corresponding to a phase in the respiratory cycle, are reconstructed. The phase bins correspond to data obtained from 87.5 to 12.5 % (bin 1), 12.5 to 37.5 % (bin 2), 37.5 to 62.5 % (bin 3), and 62.5 to 87.5 % (bin 4) of one full respiratory cycle (Fig. 1) . The 4D PET/CT scan included the thoracic region only and consisted of a 4D CT followed by 4D PET for 6 min per bed position. The phase-matched CT was also used for attenuation correction of PET images. The effectiveness of respiratory gating was evaluated by the assessment of plots displaying the frequency of PET data being placed into the four bins. Examples of such plots obtained in patients with regular and irregular breathing are shown (Fig. 2) . In addition to the gated PET images, a static non-gated PET was reconstructed from the same raw data and used in the comparison between the gated and non-gated PET images.
Image Analysis
We measured metabolically active tumor volumes (MTV), SUVmax, SUVmean, total lesion glycolysis (TLG=SUVmean*MTV), partial volume corrected SUVmean (pvcSUVmean), partial volume corrected total lesion glycolysis (TLG=SUVmean*MTV), and SUVpeak of FDG avid thoracic lesions on both non-gated and respiratory-gated PET images (Fig. 3) . To accomplish this, we employed an adaptive contrastoriented thresholding algorithm, which permits delineation of the boundaries of lesions based on PET images alone. This modified adaptive thresholding delineation technique combines automatically determined background correction and local adaptive thresholding in an iterative model (ROVER software, ABX, Radeberg, Germany). The method used for partial volume correction (PVC) is described in detail in [18] . In brief, the algorithm takes as input the region of interest (ROI) boundaries and the estimated spatial resolution (full width at half maximum; FWHM) of the image data. A spillout region is defined as a concentric shell with a distance of 1×FWHM to the ROI boundaries and a background region is defined as shell with a distance of 1.5×FWHM to the spillout region. For each voxel inside the spillout region, the local background is subtracted. In this way, the effective spillout (spillout from ROI minus spillin from background) is computed and the resulting activity concentration is added to the mean value of the ROI. Hofheinz and colleagues [18] showed that the algorithm is not sensitive to the estimated FWHM as long as the FWHM is not underestimated. Therefore, in our investigation, we used a rather conservative FWHM of 8 mm. The software also calculated SUVpeak by measuring FDG uptake of a spherical region of 1.2-cm diameter (1 cm 3 ) centered at the Fig. 1 Schematic representation of the respiratory cycle divided into four respiratory gates. Fig. 2 a The effectiveness of respiratory gating was examined by constructing probability graphs that examined the frequency of PET data being placed into the four bins. The x-axis, location, refers to the displacement of a block placed on the patient's chest, which moves up and down with inspiration, thus providing the signal for respiratory waveforms. This graph shows an example of expected regular binning among four separate bins in a patient with regular breathing patterns. b Example of the ineffectiveness of phase-based binning in a patient with irregular respirations. most active portion of the tumor. The accuracy and reproducibility of this methodology have previously been showed in previous studies [18, [23] [24] [25] [26] . In this study, we also aimed to study inter-rater agreement of these algorithms in the assessment of 4D PET/CT. Therefore, one investigator described and specified slice number of each lesion in the PET/CT and then two other investigators quantified all lesions separately.
Considering that SUVs for small structures are more likely to be affected by the partial volume effect, lesions were subsequently divided into small (≤3 cm 3 ) and large (93 cm 3 ) based on the MTV determined on initial non-gated PET images. The 3-cm 3 volume has been chosen arbitrarily to separate small lung lesions from large lung lesions based on previously used measurements reported in the literature [27] [28] [29] .
Statistical Analysis
Continuous variables were expressed as mean±standard error of the mean (SEM) and tested for distribution normality. Bland-Altman [30] , concordance correlation coefficient [31, 32] , and coefficient of variation of duplicate measurements were used to assess agreement between the two raters' measurements. Interclass correlation coefficient and one-way analysis of variance (ANOVA) as well as post hoc Tukey-Kramer for pairwise comparisons were performed to assess any significant differences between non-gated and each of the four bins of respiratory-gated images. In addition to ANOVA, a paired t test between the highest gated SUVs and non-gated SUVs was performed. A two-sided p value of less than 0.05 was considered as significant. Since the accuracy of the respiratory gating and partial volume effect correction algorithms could be affected by the position of the tumor, we performed a subgroup analysis after classification of lesions according to their anatomical properties (upper lung, mediastinal, and lower lung) and lesion size (MTVG3 cm 3 
Results
Surgical pathology reports confirmed the presence of pulmonary malignancy in all 55 subjects included in the study. A summary of the types of malignancy and disease staging is provided in Table 1 . A total of 106 lung lesions were identified, of which 76 had an MTV of greater than 3 cm 3 and 30 less than or equal to 3 cm 3 ; and 26 lesions were in upper lung, 49 lesions were mediastinal/middle lung, and 31 lesions were in the lower lung. Interpreter agreements were almost perfect for all parameters with concordance correlation coefficient ranging from 0.993 to 0.999 and coefficient of variation of duplicate measurements less than ten for all indices (Table 2) (Supplementary Figs. 1-4 ).
Gated Versus Non-Gated
Bland-Altman agreement analysis showed a good agreement between the highest gated phase and non-gated SUVs (Fig. 4) . However, comparison of values of each bin and non-gated values did not show any statistically significant difference (Table 3) . Pairwise comparison showed slight increase in the highest gated SUVs over Fig. 3 a Axial, coronal, and sagittal PET images prior to ROI delineation but following mask placement about an FDG avid lesion. b Same images after ROI delineation by software method (b). Two raters measured all PET scans separately. In sum, 520 measurements were compared non-gated SUVs (Table 4) . Similarly, comparison of values of each bin and non-gated values did not show any statistically significant difference among lesions with MTV less than or equal to 3 cm 3 ( Table 5 ). Pairwise comparison showed slight increase in highest gated pvcSUVmean over non-gated pvcSUVmean (Table 4) .
Partial Volume Correction
Correction for partial volume effect increases the SUVmean significantly (55 % relative increase, p value G0.001). In subgroup analysis, the difference between PVE of lesions with MTV less than 3 cm 3 (74 % relative increase) and (Fig. 5) .
Discussion
This study showed that quantification of volumetric parameters of 4D PET/CT images using an adaptive contrastoriented thresholding algorithm and 3D lesion-based partial volume correction is feasible, and we observed only a slight increase in the quantification of metabolic activity of lung malignancies using the highest respiratory-gated versus nongated PET/CT images which is in contrast to previous respiratory-gated PET/CT studies [14, 33] . Partial volume correction increased both the respiratory-gated and nongated values significantly and appears to be the dominant source of quantitative error of lung malignancies.
Motion effects during PET acquisition causes image blurring and results in activity spillover into surrounding background. This PET-based approach for partial volume correction seeks to recover the spillover activity in the computation of SUV. It is for this reason that partial volume correction methods can be used to recover the decrease in SUV in non-gated PET images which is affected by motion blurring. Of note is that this method appeared successful even for small lesions with a MTV less than or equal to 3 cm 3 . The reason why a PVE correction approach is effective for both large and small lesions can be explained qualitatively by considering the relative detrimental effects of PVE and smearing due to motion. For large lesions, motion has a small impact on SUV calculations [16] . For small lesions, PVE dominates over motion blurring and thus using a PVE approach by treating motion as a small addition to PVE blurring results in corrected SUV of gated PET to be close in value to those from a non-gated PET.
While respiratory gating has been shown to be effective in reducing motion artifacts and minimizing the field of radiation treatment for lung lesions, it is not completely devoid of limitations. 4D PET/CT reduces motion artifacts at the cost of decreasing signal-to-noise ratio (SNR), since during PET acquisition, non-gated images use all detected counts, while each of the phase gating bins contains only a fraction of the total counts [7] . To achieve similar image SNR as that of the non-gated image, one can increase the acquisition time, which is not desirable in the current clinical practice [7, 34] , and this commonly results in increased radiation exposure from CT imaging [35] , particularly for gated PET/CT protocols that utilize a phase-correlated 4D CT for attenuation correction. Another option is to use direct 4D reconstruction with an organ motion model 
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enabling to account for all information acquired to reduce the noise [8, 9] . In addition, breathing irregularities can significantly reduce the quantification accuracy of 4D PET images and results in FDG uptake values that lie between the true (stationary) and non-gated values [13, 16, 36] . Typical respiratory patterns commonly demonstrate irregularities rather than a smooth, sinusoidal curve, and such patterns were encountered in our study in some subjects (Fig. 3) [36] . Ideally, phase-based gating will place large respiratory amplitude data into inspiratory phases and small amplitude data into expiratory phases. However, typical breathing irregularities, such as a short deep inspiratory phase, frequently results in erroneous placement of large and small amplitude data into wrong bins [13] . Large breaths may also lead to desynchronization of PET and CT, which can affect coregistration and translate into diagnostic errors [37] . The technique also requires patient compliance, and often additional therapist participation. However, it may not be well-tolerated by patients with compromised lung function, such as in many lung cancer patients.
Our results suggest that PVE represent the dominant source of quantification error and breathing motion causes smaller degree of inaccuracy. In addition, gated acquisition is cumbersome and not optimum in patients with irregular respiratory patterns, while PVE correction can be performed automatically after image acquisition.
Our study has some limitations. First, this study evaluated differences in PET indices obtained by respiratory-gated and non-gated images, which may be relevant for evaluation of interval changes in tumor metabolic activity. However, it should be noted that tumor size determined with PVE correction software is a metabolic size, which may not always correspond to the CT-or MRI-based morphological size or provide sufficient information related to lesional anatomy and its range of motion during a respiratory cycle. Since the morphological parameters may prove essential during radiation therapy, our results should not be extended to PET/CT studies performed for radiation treatment planning where the accuracy of SUV quantification may be less important. Second, it has been demonstrated that phasebased respiratory gating is less effective than amplitudebased gating, especially in patients with irregular respiratory cycles [13] . Despite this knowledge, phase-based methods of gating remain the most widely investigated in cancer research [15] , as in the current study. In addition, six [38] , while we used only four phase gates in order to limit image noise. Third, histopathological measurement of the actual volume of lung lesions was not performed as the reference standard for assessment of lesion volume, although this is also prone to errors related to processing of ex vivo specimens and inclusion of nonlesional tissues as part of volumetric measurement of the lesion. Fourth, given the retrospective nature of the study, we were unable to coach subjects or to correct for detected irregular breathing. However, some studies have shown that patients can be coached to assist in regular breathing parents, others have found that coaching increases patient anxiety [39, 40] and that about half of the patients could not follow both audio and video instructions simultaneously [41] . Fifth, in addition to analyzing the whole population of tumors, subgroup analyses also did not show any significant differences between gated and nongated parameters. Further studies with larger sample size are warranted to validate these findings. Sixth, we used a semiautomatic PVE correction algorithm, which is feasible for solitary lesions; however, it is time-consuming for cases with multiple lesions [25, 42] . We believe there is a dire need for robust automatic operator-friendly quantification software with PVE correction capabilities-an omission which will hopefully be addressed by manufacturers in the near future [42] . Considering the large number of reported PET image segmentation and partial volume correction strategies, the lack of a standardized benchmark for evaluation and validation, and since most of the published techniques are not currently implemented in commercial software, recommending a specific algorithm is challenging and premature. However, the most promising techniques for PET image segmentation are those based on the use of active contours taking advantage of multimodality imaging and stochastic modeling, whereas multiresolution and structuralfunctional synergistic resolution recovery approaches seem have many attractive features for partial volume correction. However, as different PVE algorithms may be optimal for different sites, e.g., brain versus lung, it becomes challenging for manufacturers to implement a PVE correction method that will perform well for all sites. Seventh, delineation and partial volume effect correction methods used in this study, as well as other available quantification methods, have some limitations and it could affect the results of this study in particular for small lesions. The algorithms used by ROVER were mainly validated using phantom studies. However, the accuracy reached in phantom studies is unlikely to be reached in clinical setting. It should be emphasized that none of the algorithms proposed so far is characterized or understood enough to enable its use in clinical setting without a cautious knowledgeable check [43] . The comparison of manual measurements of non-gated and respiratory-gated PET/CT scans with those obtained by software-based methods with semiautomated correction for PVE, comparison of the potential advantages and disadvantages of different PVE correction algorithms, factors which affect different segmentation and PVE correction algorithms, tracer uptake heterogeneity, impact of lesion shape on PVE, and our PVE correction method and assessment of test-retest (repeatability) performance of measurements of the same patient within a short period are beyond the scope of this article and may represent a new topic for further research.
Conclusion
Our results suggest that assessment of volumetric PET/CT parameters and partial volume correction for quantification of lung malignant lesions by using respiratory non-gated PET images are feasible and comparable to gated measurements. Partial volume correction increased both the respiratory-gated and non-gated values significantly and appears to be a potential source of quantification error, particularly in small lesions. These preliminary results are promising; however, still likely require validation using further prospective larger-scale studies. Novel strategies aiming at applying direct 4D PET image reconstruction methods to motion compensation show potential but remain to be further improved and/or constrained to guarantee consequential reconstructions.
